Abstract -In this paper we developed an analytical solution for a mathematical model of an air dehumidification process. This solution has good accuracy when compared with reliable experimental data available in the literature. The present study was confined to the cases with the mass flow rate of desiccant solution being much greater than the minimum required by the equilibrium calculation, so that the changes in the concentration and the flow rate are relatively small. Validation of this assumption has been performed by HYSYS software version 3.2. The influence of the Lewis number (Le) on the analytical results was considered. As shown in the current study, we obtain better results with Le=1.1 compared with Le=1. The benefits of the present solution are its simplicity and easy application for the simulation of air dehumidification.
INTRODUCTION
Liquid desiccant cooling systems driven by solar energy or other heat sources have emerged as a potential alternative or as a supplement to conventional vapor compression (V-C) systems for cooling and air conditioning. Dehumidification and regeneration are the key processes. Internally cooled or heated liquid desiccant-air contact units have been widely studied for their potential applications in effective air dehumidification, desiccant regeneration or high capacity energy storage systems (Scalabrin and Scaltriti, 1990; Hellmann and Grossman, 1995a; Hellmann and Grossman, 1995b; Kessling et al., 1998a; Kessling et al., 1998b) . The heat and mass transfer process in the packed dehumidifier is affected by many parameters, such as the relative flow direction of the air to the desiccant, the type and material of the packing and the inlet parameters of the air and the desiccant. The dehumidifier is one of the most important components in the liquid-desiccant system, whose heat and mass transfer performances directly affect the whole system performance. In the dehumidifier, combined heat and mass transfer processes occur synchronously, and the heat transfer and mass transfer processes influence each other. Recently, the field of liquid desiccant cooling systems has advanced very quickly. Compared with conventional compression refrigeration systems, they have several advantages; they can be driven by low-grade thermal energy and easily realize efficient energy storage that is very suitable for solar energy application (Kessling et al., 1998b) . Several mathematical models to predict the heat and mass transfer performance of a packed-type dehumidifier and regenerator are available in the literature. The widely used finite difference model is based on fundamental equations and gives a numerical solution validated by experimental results (Factor and Grossman, 1980; Fumo and Goswami, 2002; Gandhidasan, 2004) . For optimum design of desiccant cooling systems and annual energy performance analyses, it is most desirable to obtain an analytical solution to the general differential equations. For example, in Hellmann and Grossman's model (1995) , the solution film heat and mass transfer resistances were introduced in their model equations. The outer surface of the tube banks was assumed to be uniformly wetted and the Lewis factor was assumed to be equal to unity. Chengqin et al. (2006) rearranged the general differential equations and an analytical solution was developed. For the four possible flow arrangements of the parallel/counter flow configurations and three types of commonly used liquid desiccant solutions, the results of analytical solutions were compared with those of numerical integration over a wide range of operating conditions and the agreement was found to be quite satisfactory. Chen et al. (2006) presented an integrated analytical solution of adiabatic heat and mass transfer in packed-type liquid desiccant equipment based on proposed mathematical models in both parallel-flow and counterflow configurations. In the derivation process, the desiccant concentration at the inlet and outlet of the absorber was assumed to be constant. Babakhani (2009) presented an analytical solution of simultaneous heat and mass transfer processes in a packed bed liquid desiccant dehumidifier/regenerator. Various dimensionless parameters and reliable assumptions were used in order to develop this solution. Longo and Gasparella (2005) presented the experimental tests and the theoretical analysis of the chemical dehumidification of air by a liquid desiccant and desiccant regeneration in an absorption/desorption column with random packing. Liu et al. (2007) presented analytical solutions of the air and desiccant parameters that affect the heat and mass transfer performance. Many researchers have developed mathematical models of the coupled heat and mass transfer processes in the dehumidifier or regenerator, and most of the models were solved numerically. Compared with numerical solutions, analytical solutions have advantages in analyzing the parameters that affect the heat and mass transfer performance. For this purpose, in the current study, an analytical approach based on the Laplace method for the mathematical model of the coupled heat and mass transfer process in air dehumidification has been presented. The analytical results have been compared with experimental data (2004) and show good agreement.
MATHEMATICAL MODEL AND ANALYTICAL APPROACH
As found in many conventional practices (Saman and Alizadeh, 2001; Jain et al., 2000; Khan and Martinez, 1998) , the following assumptions were adopted in the present study: 1) Zero wall, air thermal and moisture diffusivity in the flow directions;
2) No heat transfer to the surroundings; 3) Constant specific heats of air, solution and the fluid, constant heat and mass transfer coefficients, constant surface wettability.
The present study was confined to the cases with the mass flow rate of desiccant solution much greater than the minimum required by the equilibrium calculation so that the changes in the concentration and the flow rate are relatively small. Validation of this assumption has been performed with HYSYS software.
By the principles of energy and mass conservation, a set of differential equations can be obtained for a differential element as shown in Fig. (1) as follows (Treybal, 1980) : 
By the use of the dimensionless and dimensional parameters shown in Table 1 , we can obtain dimensionless differential equations as follows: 
water vapor molar mass to air molar mass ratio
In practical dehumidification/regeneration cases, the solution flow rates in packed towers are usually much higher than the minimum flow rate determined from the equilibrium calculation (Chen et al., 2006) . Thus, the solution flow rate and concentration changed very little during the overall processes. Therefore, the variation of the equilibrium humidity ratio of the solution will almost certainly be influenced by the change of the solution temperature. Hence, it can be assumed that Ye is linear with l T in the operating temperature range, Eq. (7) 
Eqs. (4) to (6) are a coupled equation system and must be solved simultaneously. We can use Laplace transformation methods to solve it.
where
)
By arranging Eqs. (10), (12) and (13), substituting Eq. (11) yields:
The above equations have been solved by the Gauss elimination method as shown below:
The result of the Gaussian procedure is an/a upper/lower triangular matrix as follows: 
Y NTU

RESULTS AND DISCUSSION
In order to use this analytical solution with confidence for predicting the outlet conditions of the processed air, validation is required. Comparisons were made between the predicted values calculated by the analytical solution and experimental values available in the literature. Reliable sets of experimental data using triethylene glycol (TEG) as the liquid desiccant were reported by Zurigat et al. (2004) . Their tower had a total height of 0.6 m with a structured type packing consisting of eight decks with seven plates per deck, resulting in a packing Desiccant at the required temperature and flow rate was pumped into the top of the tower via the rotameter. The desiccant, flowing countercurrent relative to the humid air flow, was distributed over the packing and absorbed moisture as it came into contact with the humid air. The diluted desiccant flowed by gravity to the catch tank, where it was stored for regeneration. Furthermore, a simulation was performed with HYSYS software. As shown in Fig. (2) , the difference between the mass fraction of the liquid desiccant in the inlet and outlet will be decreased upon the increasing the liquid mass flow.
Comparison of the experimental results with the results obtained from the present study and the software are given in Figs. (3) to (5). According to these results, the maximum difference, which is defined as the difference of the mathematical model and the experimental values at the outlet divided by the experimental difference value between the inlet and outlet, for the predicted air humidity, air temperature and liquid temperature are less than 10 %. It should also be pointed out for the air dehumidification process that, when Le = 1, the predicted outlet conditions are consistently higher than the experimental data, but when Le = 1.1, the predicted outlet conditions are in better agreement with the experimental results, as shown in Figures (3) to (5). In most of the literature, the Lewis number is assumed to be unity for simplification of the analysis. Stevens (1989) also found a disparity between experimental data and modeled results and gave the explanation of either experimental error or the use of a unit value for the Lewis number. More precise results were obtained with a value of Le = 1.2. Chen et al. (2006) also believed that the Lewis number can be different from unity. The authors reported a value of Le = 1.06 for the air dehumidification process and Le = 0.95 for the liquid desiccant regeneration process. Babakhani (2009) showed that the results of air dehumidification can be improved with Le=1.1 and liquid desiccant regeneration can be improved with Le=0.9. Chengqin et al. (2006) found that the Lewis number varied from one case to another. They reported values for the Lewis number between 0.7 and 1.4 for both the air dehumidification and liquid regeneration processes in order to obtain the optimum results. The authors believed that this might be due to a large variety of complexities, e.g., non-uniformly wetted conditions, fin effects of packing materials, discrete and lumped liquid streams and associated increases in heat/mass transfer resistances in the liquid phase, etc. Therefore, the value of the Lewis number can influence the results obtained from the analytical solution. It is clear that one of the effective variables in the Lewis number as defined is the heat and mass transfer coefficient. Several researchers presented different coefficients for evaluating heat and mass transfer coefficients. Using of these coefficient without considering their accuracy would increase the error in the model. Another reason is probably related to the equilibrium humidity ratio. The change trend of the equilibrium humidity ratio is not linear and this strongly nonlinearity can be an error factor. Hence, as the results show, by using HYSYS software we can obtain better prediction than the analytical solution because the software has all of the required physical parameters to estimate the outlet parameters exactly. Especially, the software has thermodynamic relations for estimating the liquid vapour pressure. Thus, it can predict physical properties like vapour pressure without error and leads to an accurate simulation. This solution with Le=1.1 can give every available variable distribution like the traditional numerical solution and can be used for seasonal performance simulations with little computing time. Therefore, one can use the present analytical solution with acceptable confidence. A comparison between this study and the analytical and experimental data of Fumo and Goswami (2002) was carried out, as shown in Figure 6 . According to this figure, it is clear that the present study predicts better than analytical solution of Fumo and Goswami. Consequently, we can use the analytical solution derived in this paper to predict with good accuracy the outer operational parameters of an air dehumidifier.
Figure 6:
Comparison between the present study and the set of experimental data and analytical solutions of Fumo and Goswami (2002) .
CONCLUSION
An analytical solution of adiabatic heat and mass transfer in a dehumidifier was developed under several reasonable assumptions. The performance predicted by the analytical solution shows very good agreement with the experimental data available in the literature. This solution can give every possible distribution available with the traditional numerical solution and can be used for seasonal performance simulations with very little computing time. It is found that the value of the Lewis number can be different from unity, i.e., in this study, Le = 1.1 for the air dehumidification. A comparison was made between the results of the present study and the analytical solutions in Chen et al. (2006) and Chengqin et al. (2006) . It is clear that the results predicted by the present analytical solution are the most accurate. It is interesting to point out that the major advantages of the present study are the clearly defined parameters and the ease of applying the obtained correlations for the evaluation of the outlet conditions, e.g., outlet air humidity and temperature, and the outlet liquid temperature. 
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